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 Abstract  
The loss of metal droplets in slags due to insufficient phase separation have to be avoided as much 
as possible, but still occur in industrial Cu-smelters. One important cause for mechanically 
entrained metal droplets in slags is their attachment to solid spinel particles present in the slag 
phase, which hinders their settling. In order to improve the phase separation it is important to 
determine the fundamental process governing this attachment. In this present study, the wetting 
behaviour of two spinel substrates (MgAl2O4 and ZnFe2O4) with copper has been studied in the 
absence of a slag system, using sessile drop experiments. The sessile drop experiments have 
indicated that copper shows a better wetting behaviour on ZnFe2O4 compared to MgAl2O4, 
indicating the importance of the spinel composition.  
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I. Introduction  
In pyrometallurgical processes impurities can be eliminated and different groups of metals can be 
separated by using slags. Settling is often the last step, allowing the phase separation between slag 
and matte or metal, based on their difference in density. However, imperfect phase separations 
results in copper losses in the slag, which can have a significant impact on metal recovery, as stated 
by Degel. [1] 
 
Based on extensive research, it is currently accepted that there are two main types of copper losses 
in slags: chemical dissolution of copper and mechanical entrainment of Cu containing droplets. [2-
4]. Chemical dissolution of metals as oxides in slags is intrinsically linked to pyrometallurgical 
smelters, and is defined by the thermodynamic equilibrium of the system. The chemical activity of 
the metal, the partial oxygen pressure, the temperature of the system and the chemical composition 
of the slag/matte phase are main influencing factors. [2, 5, 6] Mechanically entrained metal or matte 
droplets can result from a number of causes, three of which have been studied thoroughly in 
literature: (1) Mechanical entrainment during charging of the furnace or during tapping of the slag 
[3] (2) the precipitation of metal from the slag due to temperature fluctuations [7] (3) and gas 
producing reactions dispersing the metal into the slag phase, as the gas crosses the metal-slag 
interface [7]. A fourth important cause responsible for the presence of copper (matte) droplets in the 
slag is the attachment of droplets on solid particles present in the slag, in so doing hindering the 
density based settling. In copper metallurgy, these solid particles are often found to have a spinel 
structure. Although this has been mentioned in literature by Andrews [8] and Ip and Toguri [7], no 
fundamental research concerning this phenomenon is available in literature. In order to further 
improve the understanding of interactions between metal droplets and spinel solids in slags, a 
fundamental and systematic investigation is necessary.  
Surface tension and the mechanisms driven by it, appear to have an important influence on gravity-
based phase-separations. [9] In this respect, much effort has been put in the study of the surface 
tension and interfacial tensions of slags, alloys and mattes. However, no studies are available of  the 
wetting behaviour of metals and solids, in view of metal losses in slags. Eustathopoulos has 
summarized the already present knowledge on the wetting behaviour between metals and metal 
oxides. [10, 11] Generally, a distinction is made between reactive and non-reactive systems. Slower 
spreading kinetics are a strong indication of the presence of interfacial reactions, while non-reactive 
systems are characterized by a very small equilibration time. However, no experimental studies are 
available on the wettability between copper and spinel substrates, to our knowledge.  
 
The present study focusses on the wetting behaviour of copper on spinel substrates in the absence of 
the surrounding slag phase, as represented in figure 1. The wetting behaviour between spinel 
substrates and copper was studied using a sessile drop experiment. In this study, MgAl2O4 and 
ZnFe2O4 were selected to represent spinel materials. We report the wetting behaviour between 
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copper and the substrate under an inert argon atmosphere for different interaction times and 
compare the difference in wetting behaviour for the two spinel substrates. 
Figure 1: schematic representation of the basic concept of the sessile drop experiments [12] 
II. Experimental procedure  
A. Substrate preparation  
A spark plasma sintering equipment was used for the production of MgAl2O4 substrates, based on 
previous experiments from Wang, Morita and Frage. [11, 13, 14] The MgAl2O4 powder (Sigma 
Aldrich, magnesium aluminate, spinel nano powder, < 50 nm particle size) was sintered under a 
load of 60 MPa at a temperature of 1300°C. The plates were subsequently annealed at 1000°C for 3 
hours.  
A ‘free sintering’ approach was used for the production of ZnFe2O4 substrates. In a first step, 
ZnFe2O4 powder (Sigma Aldrich, zinc iron oxide, nanopowder, <100 nm particle size, >99% trace 
metals basis) was compressed in pellets (1.2 cm diameter) using a cold press with a pressure of44.2 
kPa. Subsequently, the pellets are isostatically pressed with 250 MPa and sintered in a tubular 
furnace at 1200°C for 3 hours in air. Finally, the substrates are annealed for 2 h at 1000°C. It has to 
be remarked that the commercially purchased powder contained a phosphor contamination, which 
was found to accumulate in the pores.  
The sintered and annealed ZnFe2O4 and MgAl2O4 samples were polished using 1-3-9 µm diamond 
paste. Both spinel substrates were identified using an XRD diffractometer, as described in our 
previous work. [12, 15] 
 
The roughness of the substrates was measured by a Talysurf profilometer. It was found that the 
roughness parameter for the ZnFe2O4 substrates has an average value of 0.21 +/- 0.1 µm. For the 
MgAl2O4 substrates, an average value of 0.19 +/- 0.08 µm was measured. The ZnFe2O4 substrates 
contain more pores compared to the MgAl2O4 substrates, which can be observed on the images 
presented in figure 2. Although it has to be considered that there is a difference in porosity in the 
substrate, it is assumed that the difference in wetting behaviour of Cu on MgAl2O4 and ZnFe2O4 
spinel substrates can mainly be attributed to the different chemical composition. 
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Figure 2: (a) – (b) Optical micrograph of the polished ZnFe2O4 and MgAl2O4 substrate with a 
Vickers hardness indentation, with protruding cracks at the indenter tips.(c) OM micrograph of a 
polished ZnFe2O4 substrate (d) SEM image of a polished MgAl2O4 substrate  
B. CSLM Sessile drop set-up  
To perform the sessile drop measurements, an adapted confocal scanning laser microscopy (CSLM) 
with an infrared heating image furnace (Lasertech 1LM21SVF17SP) was used. Due to the direct 
heating principle, the CSLM set-up allows for flexible heating and cooling. At sample height, an 
extra window is placed at the side of the heating chamber, combined with a camera (Ganz ZC-
F10C3) which is placed on the same height. These adaptations, shown on figure 3, allow to monitor 
the interaction between the spinel substrate and the copper(-alloy) during the course of the 
experiment.  
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Figure 3: Adapted CSLM set-up for sessile-drop experiments  
D. Sessile drop experiments  
Experiments have been performed between the two spinel substrates and pure copper. The 
experiments were performed under an argon atmosphere, which has been treated with silica to 
remove water and preheated magnesium (500°C) to reduce the oxygen content. Theoretically, 
partial oxygen pressures lower than 10
-80
 atm should be reached under equilibrium conditions based 
on the Ellingham diagram. A piece of pure copper with an average weight of 0.03 g was etched 
using a 1:1 HCl : H2O solution, to remove a possible outer copper oxide layer. The spinel substrate 
was ultrasonically cleaned in acetone. Subsequently, the spinel substrate and copper were placed on 
the sample holder, and the heating chamber was flushed three times with Ar. The temperature was 
gradually increased until 300°C, with a heating rate of 50°C / min. After 1 minute, the temperature 
was further increased up to 1050°C with a heating rate of 50°C. After 5 min at 1050°, the 
temperature was further heated up to 1200°C, which was further maintained for a predefined 
amount of time. Finally the sample is cooled with a cooling rate of 500°C/min. The contact angle 
was determined by using the low bond axisymmetric drop shape analysis plug in for Image J 
software, which is based on the fitting of the Young-Laplace equation to the shape of the image. 
[16] An overview of the performed experiments is given in table 1. 
E. Characterization and analysis  
After each experiment, the obtained sample was embedded, grinded until the cross section between 
the copper and spinel substrate became visible, and polished using a 9, 3 and 1 µm diamond paste. 
Samples were analysed using scanning electron microscopy (Field Emission Gun SEM Quanta 
450), which was used to measure phase compositions using Energy-dispersive X-ray spectroscopy 
(EDX) with a beam current of 20 kV and a spot size of 5.  
Table 1: Overview performed contact angle experiments 
N° experiment Substrate Interaction-time at 1200°C (min) 
1 
MgAl2O4 
10  
2 10  
3 45  
4 60  
5 120  
6 
ZnFe2O4 
8  
7 20  
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III Results and discussion  
A. Wetting behaviour of copper on MgAl2O4 substrates: evolution 
during the sessile drop experiment, influence of the interaction time 
and microstructural analysis  
The evolution in time of the contact angle of liquid Cu on MgAl2O4, when heated up to 1200°C and 
kept for 10 minutes under a protective argon atmosphere is given in figure 4. (experiment 1 – Table 
1). The melting and wetting behaviour of copper on MgAl2O4 after melting, during heating until 
1200°C, and while maintaining the temperature at 1200°C for 10 minutes is shown in figure 5. It 
can be observed that the droplet immediately reached its final shape when the final temperature is 
reached, and does not change significantly anymore during the further course of the experiment. 
Small variations in the contact angle were within the experimental error of the image analysis 
software program, indicated by the error bars. For experiment 2-5, qualitatively similar behaviour 
was observed.  
 
Figure 4:  Variation of the contact angle for Cu on MgAl2O4 during the experiment as 
schematically illustrated in figure 5 (experiment 1 )  
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Figure 5: Melting and wetting behaviour of Cu on MgAl2O4 after melting, during heating until 
1200°C, and while maintaining the temperature at 1200°C for 10 minutes.(experiment 1) 
To study the interaction between MgAl2O4 and Cu, three different interaction times have been 
selected: 10, 45, 60 and 120 minutes (experiment 1 – 5 table 1). An overview of the average contact 
angle during this interaction time, and the standard deviation is given in table 2 for each experiment. 
The experiments have resulted in comparable contact angles, with an average value of 123 and a 
standard deviation of 2.6 °. The contact angles of the copper droplets did not show a clear variation 
during the interaction time at 1200°C, which is endorsed by the very small standard deviation 
obtained for each experiment. The variance which is present, can be explained due to experimental 
errors of the image analysis software program. 
 
Table 2: Overview average measured contact angles with standard deviations for the performed 
sessile drop experiments 
Experiment  1 2 3 4 5 Average 
experiment 
1-5 
Average CA at 1200°C [°]  122 124 123 126 119 123 
Standard deviation  1.3 0.7 1.3 1.5 1.4 2.6 
 
The cross-sections of the copper with MgAl2O4 for sample 1, 5 and 6 have been studied using SEM, 
and are shown in figure 6. It is clear from the microstructure that no new phases have been observed 
at the interface. Furthermore, EDX analyses have been performed on the spinel substrate and the 
copper phase, which are shown in table 3. No copper was detected in the spinel phase, i.e. only in 
the droplet Cu could be detected. Based on these observations, it can be assumed that there was no 
chemical interaction between Cu and the MgAl2O4 substrate. Thermodynamic calculations with 
 
T = 1200°C 
Tmelt + 2min45s 
2 min at 1200°C 4 min at 1200°C 6 min at 1200°C 8 min at 1200°C 10 min at 1250°C 
Tmelt + 1min30s Tmelt + 2min30s 
1.5 mm 
Tmelt
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Factsage have been performed using the Fact PS, FT Oxid and FScopp databases. These 
calculations confirm that no chemical reaction occurred between both phases. 
 
Figure 6: SEM images of the microstructures at the interface of the sessile drop samples of 
experiment 1, 4 and 5 (Cu-MgAl2O4 substrates) 
 
Table 3: Composition of the spinel substrate, copper droplet on the substrate and penetrated 
Cu (experiment 1, 4 and 5) 
 a% O a% Mg a% Cu a% Al 
Spinel substrate  51.8 15.5 0.0 32.1 
Cu on substrate  2.4 0.0 97.5 0.0 
 
B. Wetting behaviour of copper on ZnFe2O4 substrates: evolution during 
the sessile drop experiment, influence of the interaction time and 
microstructural analysis  
Figure 7 and figure 8 indicate the wetting behaviour of copper on ZnFe2O4 substrates (table 1 – 
experiment 6). Directly after melting, the value of the contact angle decreases, during further 
heating up to 1200°C which can be seen on figure 7. Compared to MgAl2O4, a more dynamic 
wetting behaviour was observed directly after melting and during further heating until 1200°C. 
When the maximum temperature is reached, no further variation in the contact angle was noted.  
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Figure 7:  Variation of the contact angle for Cu on ZnFe2O4 during the experiment as 
schematically illustrated in figure 8 
 
Figure 8: Melting and wetting behaviour of Cu on ZnFe2O4 after melting, during heating until 
1200°C, and while maintaining the temperature of 1200°C for 10 minutes. 
Two different interaction times have been selected to study the interaction between ZnFe2O4 and 
copper: 8 minutes and 20 minutes. (experiment 6-7 table 1). For experiment 6 an average contact 
angle of 88° was obtained, with a standard deviation of +/- 2°C. For experiment 7, a longer 
interaction time was applied. Although, after 12 minutes at 1200°C, the temperature started to 
decrease due to the reduction, evaporation and subsequent condensation of ZnO. During the first 12 
minutes, an average contact angle of 82° was obtained, with a standard deviation of +/- 4°. 
It is very important to note that during the experiment, the zinc oxide, present in the spinel 
substrate, partially reduced, subsequently evaporated and condensed on the gold coated cylinder of 
the CSLM set-up, as shown on figure 9. Consequently, the direct heating principle of the sample by 
focusing the radiation from a 1.5 KW halogen lamp on the focal point is disturbed. Therefore, it is 
difficult to maintain a stable temperature of 1200°C for longer interaction times. Furthermore, this 
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indicates that the ZnFe2O4 is less stable under the applied experimental conditions compared to 
MgAl2O4. This can be explained based on the stability of the oxides as a function of the partial 
oxygen pressure, at 1200°C. Thermodynamic Factsage calculations have been performed using the 
FactPS, FToxid, FTmisc and FSCopp databases to study the behaviour of ZnFe2O4 (5g) and Cu 
(0.03 g) under a reducing atmosphere (pO2 10
-5
 – 10-25 atm). ZnFe2O4 was split up in its two 
composing oxides (ZnO and Fe2O3) by the software. Calculations presented in figure 10 show that 
for lower partial pressures, all Zn(+II)- and Fe(+III)-oxides from the spinel phase are reduced to 
gaseous Zn and solid Fe. This occurs at an approximate partial oxygen pressure of 10
-10
 for Fe and 
10
-12
 for Zn. As we work with a partial oxygen pressure lower than 10
-12
, it can be assumed that the 
reduction reactions occurred. In practice, however, this thermodynamic equilibrium was not yet 
reached and only a small fraction of the substrate was reduced. It is possible that this observation 
provides an explanation the more dynamic behaviour of the substrate before the maximum 
temperature was reached.  
 
Figure 9: Precipitated Zn on the lid of the CSLM heating chamber 
 
Figure 10: Variation of evaporated amount of Zn and Fe from the spinel structure as a function 
of the partial oxygen pressure (T = 1200°C) 
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Microstructural analyses of the cross-section between the Cu-droplet and ZnFe2O4 have been 
performed and are shown in figure 11. It can be observed that copper adapts its shape towards the 
ZnFe2O4 grains in the spinel substrate. Furthermore it was observed that a small part of the copper 
has penetrated into the ZnFe2O4 plates, as shown in figure 11, indicating the higher affinity of Cu 
for ZnFe2O4 as compared to MgAl2O4. EDX point analyses have been performed on the copper 
droplet on the substrate, the penetrated Cu and the spinel substrate from experiment 6. The average 
compositions are listed in table 4. It can be seen that copper at the interface and copper at inclusions 
contain Fe. However, it is not clear whether Fe is present in the Cu phase, or whether Fe from the 
neighbouring spinel phase is detected.  
 
Figure 11: SEM images of the microstructures at the interface of the sessile drop samples of 
experiment 6 and 7 (Cu-ZnFe2O4 substrates) 
 
Table 4: Composition of the spinel substrate, copper droplet on the substrate and penetrated 
Cu (experiment 6) 
 a% O a% Fe a% Cu a% Zn 
Spinel substrate 
at interface 
50.5 36.7 0.8 11.9 
Spinel substrate 
far from interface  
49.5 37.9 0.0 12.5 
Cu on substrate  2.4 1.3 96.9 0.0 
Penetrated Cu 2.5 6.4 90.9 0.7 
 
The phosphorous impurities, present in the commercially purchased powder, gathered in pores in 
the spinel substrate, which can be observed on the EDX mapping shown in figure 11. As copper 
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shows a good wetting behaviour towards the ZnFe2O4 grains in the absence of the phosphorous 
phase, it was assumed that the influence on the studied wetting behaviour was limited.  
 
Figure 1: EDX mapping interface copper and ZnFe2O4 substrate (experiment 6) 
III. Conclusion 
In this present study, we have studied the wetting behaviour of liquid Cu under a protective argon 
atmosphere on two different types of spinel substrates: MgAl2O4 and ZnFe2O4. For MgAl2O4 a non-
wetting behaviour was observed, with an average contact angle of 122°. A lower contact angle was 
observed between copper and ZnFe2O4. The interaction time did not have an influence on the 
contact angle and the wetting behaviour of copper on both spinelsubstrates. Notwithstanding the 
fact that there is a difference in roughness and porosity between the two substrates and the ZnFe2O4 
substrates contain a contamination of phosphor, it can be stated that the chemical composition of the 
spinel substrate has a very important influence on the wetting behaviour of copper. 
IV. Acknowledgements 
The authors wish to thank the agency for Innovation by Science and Technology in Flanders (IWT, 
project 110541) and Umicore for its financial support. Joris Van Dyck is thanked for the help with 
the sessile drop experiments.  
V. References  
1. Degel, R., et al. Latest results of the slag cleaning reactor for copper recovery and its potential for 
the PGM industry. in Proc. Conf. Third international platinum conference 'Platinum in 
Transformation'. October 2008. Sun City, South Africa The Southern African Institue of Mining and 
Metallurgy. 
 
 Wetting behaviour of spinel with Cu to understand metallic copper losses to slags 
Proceedings of EMC 2015 13 
2. Suh, I.-K., Y. Waseda, and A. Yazawa, Some interesting aspects of non-ferrous metallurgical slags 
High Temperature Materials and Processes, 1988. 8(1): p. 65-88. 
3. Liow, J.L., et al., Entrainment of a two-layer liquid through a taphole. Metallurgical and Materials 
Transactions B - Process Metallurgy and Materials Processing Science, 2003. 34(6): p. 821-832. 
4. Cardona, N., et al., Physical chemistry of copper smelting slags and copper losses at the Paipote 
smelter Part 1-Thermodynamic modelling. Canadian Metallurgical Quarterly, 2011. 50(4): p. 318-
329. 
5. Sridhar, R., J. Toguri, and S. Simeonov, Copper losses and thermodynamic considerations in copper 
smelting. Metallurgical and Materials transactions B, 1997. 28(2): p. 191-200. 
6. Imris, I., M. Sanchez, and G. Achurra, Copper losses to slags obtained from the El Teniente process, 
in Proc. 7th Int. Conf. on molten slags, fluxes and salts., T.S.A.I.o.M.a. Metallurgy, Editor. January 
2004: Johannesburg, South Africa p. 177-182. 
7. Ip, S.W. and J.M. Toguri, ENTRAINMENT BEHAVIOR OF COPPER AND COPPER MATTE IN COPPER 
SMELTING OPERATIONS. Metallurgical Transactions B-Process Metallurgy, 1992. 23(3): p. 303-311. 
8. Andrews, L., Base metal losses to furnace slag during processing of platinum-bearing concentrates, 
in Faculty of engineering, built environment and information technology. 2008, University of 
Pretoria: Pretoria. p. 19-28. 
9. Lau, C., A.S. Mukasyan, and A. Varma, Materials synthesis by reduction-type combustion reactions: 
Influence of gravity. Proceedings of the Combustion Institute, 2002. 29: p. 1101-1108. 
10. Eustathopoulos, N., M.G. Nicholas, and B. Drevet, Wettability at high temperatures in Pergamon 
materials series R.W.C. frs, Editor. 1999, Pergamon. p. 420. 
11. Wang, C. and Z. Zhao, Transparent MgAl2O4 ceramic produced by spark plasma sintering. Scripta 
Materialia, 2009. 61(2): p. 193-196. 
12. De Wilde, E., et al. Towards a methology to study the interaction between Cu droplets and spinel 
particles in slags. in EMC conference. 2013. Weimar  
13. Morita, K., et al., Fabrication of transparent MgAl2O4 spinel polycrystal by spark plasma sintering 
processing. Scripta Materialia, 2008. 58(12): p. 1114-1117. 
14. Frage, N., et al., Spark plasma sintering (SPS) of transparent magnesium-aluminate spinel. Journal 
of Materials Science, 2007. 42(9): p. 3273-3275. 
15. De Wilde, E., et al., Characterization methodology for copper-droplet losses in slags, in Copper 
conference 2013: Santiago. 
16. Stalder, A.F., et al., Low-bond axisymmetric drop shape analysis for surface tension and contact 
angle measurements of sessile drops. Colloids and Surfaces a-Physicochemical and Engineering 
Aspects, 2010. 364(1-3): p. 72-81. 
 
 
